Abstract. The distribution and morphology of immunoreactive estrogen receptor α (ERα) -containing cells were examined in the cattle brain. The brains were collected from two cows and a male calf. One of the cows was sacrificed one week after parturition. ERα expressions in the preoptic area of the rostral forebrain and the medial basal hypothalamic area were evaluated immunohistochemically using a mouse monoclonal antibody. In all animals, the signals that indicate ERα were detected in the medial preoptic area, the level of the organum vasculosum of the lamina terminalis and the bed nucleus of the stria terminalis. In the caudal hypothalamic region, they were detected in the arcuate nucleus, the periventricular and ventromedial hypothalamic nuclei. ERα-containing cells were characterized by a dense nuclear reaction product. In all the subjects examined, ERα signals were clearly detected in the cytoplasm as well. The density of ER α expression was different among the three cattle; the number of ERα containing cells in the postpartum cow was much lower than that in the other cow and the male calf. The present findings suggest that ERα expression in the forebrain is influenced by the reproductive status in the cattle. Key words: Estrogen receptor, Hypothalamus, Immunohistochemistry, Parturition, Cattle (J. Reprod. Dev. 49: [55][56][57][58][59][60] 2003) t is well known that estrogen, an ovarian steroid hormone, controls or influences every aspect of reproductive function in mammals including cattle. A preovulatory follicle develops under the influence of gonadotropins in the follicular phase of the estrous cycle, and secretes large amounts of estrogens, which, in turn, give rise to estrous behavior and a positive feedback action resulting in the preovulatory LH surge which induces ovulation [1, 2] . In dairy cattle, the first postpartum ovulation without estrous behavior is t h o u g h t t o r e s u l t f r o m e x p o s u r e t o h i g h concentrations of estrogen at the end of pregnancy [3, 4] . Several clinical investigations have revealed that exogenous treatment with estradiol in high concentrations could induce ovarian disorder in normal cycling cows [5] . Therefore estrogen has been r eco gn ized as a key end oc ri ne fact or influencing the gonadal activity as well as the reproductive disorder.
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Est ro gen action o n reproduct ive functio n appears through its effect on the central nervous system. In general, the biological effects of estrogen are mediated through specific receptors (estrogen receptor (ER)) within the cell nucleus of the neurons. Immunohistochemical localization of ERs has provided an insight into the neural sites of estrogen action in experimental animals. Despite a detailed understanding of the manner in which estradiol influences brain mechanisms, limited information is available regarding the role of estrogen action in the bovine brain. Identification o f E R l o c a l i z a t i o n w o u l d p r o v i d e u s e f u l information for understanding the mechanisms r egul at ing re pro d uc t io n a nd r epr o duc t iv e disorders caused by estrogen in domestic animals. In the rat, ER expression in the hypothalamus alters during the estrous cycle [6] , suggesting that changes in ER expression might play an important role in the regulation of the reproductive function.
Presently, two types of ER, α-and β-type (ERα an d E Rβ ), hav e be en id e nt i fie d in s e ve r al mammalian species including ruminants. In rats, different distributions of the both types of ERs between males and females have been reported in the brain [7] . However, the physiological roles of ERα and ERβ need further clarification.
In other animal species, including cattle, there is as yet no clear-cut way to identify ERβ, especially in t h e b r ai n. O n t h e o t he r ha nd , fo r E R α , a monoclonal antibody developed for the detection of human ERα was shown to recognize ERα in nonhuman species [8] .
In the present study, our objectives were to identify the characteristics of ERα expression in the hypothalamus of cattle. We focused on the pr eo p t ic ar ea (PO A ) an d t he m ed ia l b as al hypothalamus (MBH) because these areas are important in the control of gonadotropin-releasing hormone (GnRH) release from the hypothalamus [1] . Moreover, GnRH neurons and their projections to the median eminence of MBH constitute the final common pathway for neuroendocrine control of reproductive activity [2] . We herein report ERα expression in the hypothalami of three cattle with different reproductive status.
Materials and Methods

Animals
Brains were collected from three Holstein cattle of different physiological condition: Cow #1, 3-years and 8-months-old adult female that had ceased lactation (body weight: 650 kg); Cow #2, 2-years and 3-months-old female that had given normal birth one week before sacrifice (body weight: 550 kg); and Cow #3, a male calf of three months of age (body weight: 88 kg). The animals were deeply anesthetized with an overdose of sodium pentobarbital and both carotid arteries were catheterized. As soon as breathing stopped, the cow was decapitated, and 10 liters of 0.1 M phosphate-buffered saline (PBS) containing 4 U/ml heparin, followed by 30 liters of commercial formaldehyde solution (10% formalin neutral buffer solution, Wako Pure Chemical Industries Ltd., Osaka, Japan) were perfused through the carotid arteries using a peristaltic pump (ColeParmer Instrument Co., Illinois, USA) over a period of about 2 h. Cranial perfusion of the calf was performed in the same manner using 4 liters of PBS containing 4 U/ml heparin and 10 liters of the fixative. The brains were removed from the skull and the hypothalamus with the surrounding brain region was dissected out and postfixed in the same fixative in a refrigerator for around 10 days. Hypothalamic blocks about 5 cm wide, 4 cm high and 3 cm for rostro-caudal direction were made and immersed in 25% sucrose in PBS solution for at least one week and stored frozen at -20 C until sectioning. A cryomicrotome was used for largesized brain samples, and coronal serial sections of 50 µm thickness were made. The sections were kept in a cryoprotectant solution (30% sucrose, 30% polyethylene glycol, 1% polyvinylpyrrolidone in 0.1 M phosphate buffer solution) in plastic culture w e l l s ( 1 2 w e l l s i n a p l at e ) at -2 0 C u n t i l immunohistochemical analysis was performed.
All experiments were approved by the National Institute of Animal Industry Committee for the Care and Use of Experimental Animals.
Immunohistochemistry
Sections every 600 µm (i.e., at intervals of twelve sections) underwent cresyl violet staining for identifying the boundaries of nuclei, and sections including the POA and the MBH were chosen for ERα immunohistochemistry. Free-floating sections were washed in 0.1 M PBS containing 0.05% Triton X-100 (PBST) and incubated in 1% bovine serum albumin (BSA)-PBST containing 5% normal horse serum for 1 hr to minimize nonspecific staining. Sections were exposed to a monoclonal mouse antiserum directed against the N-terminal domain of human ERα (DAKO, Copenhagen, Denmark; antibody M7047) [8] at a dilution of 1:1000 in 1% BSA-PBST for 4 days at 4 C, and were then treated at room temperature sequentially with biotinylated horse antimouse IgG for 1 hr (1:400, Vector Labs., Inc. Burlingame, CA, USA,). Following washing in methanol containing 0.3% H2O2 for 15 min, sections were incubated in avidin-biotin-HRP complex (Vector Labs.) for 1 hr, and then immunoreactivity was visualized by the nickel-enhanced 3 ,3'-diaminobenzidene tetrahydrochloride (DAB) p r o c e d u r e .
A s t h e c o n t r o l f o r i m munohistochemistry, the primary antibody or the second antibody was omitted during the staining. Neither control gave any specific signal.
A d j a c e n t s e c t i o n s w e r e c o u n t e r s t a i n e d immunohistochemically with Neuropeptide Y (NPY) to compare immuno-reactivity among these cattle. The same procedure for immunostaining applied to ERα was performed except for using 5% normal goat serum for blocking, anti-NPY (1:10000, Biogenesis, Poole, UK) as the primary antibody, and biotinylated goat anti-rabbit IgG (Vector Labs) as the secondary antibody.
All sections were mounted, dehydrated in an ascending alcohol series, cleared in xylene and coverslipped with a mounting medium (Permount: Fisher Scientific, Fair Lawn, NJ, USA).
Analysis
Brain histology and ERα immunoreactive signals were observed under a microscope. The Brain Atlas of Cattle [9] was referred to for identification of nuclei in the bovine brain. The numbers of ERα containing cells every twelfth section in the area including the POA and the MBH were counted with a microscope equipped with an ocular micrometer.
Results
With the antibody M7047 sensitive to human ERα it was possible to visualize ERα neurons in all the cattle examined. The ERα signals were detected both in the POA and the MBH regions. In the former, they were located from the rostral part of the medial POA at the level of the vascular organ of the lamina terminalis (OVLT) to the region adjacent to the bed nucleus of the stria terminalis (BNST) (Fig. 1A) . In the MBH, the signals were also detected in t he a rcua te nucleus (AR C), the periventricular and ventromedial hypothalamic nuclei (Fig. 1B) . The ERα signals were detected in the cell nuclei as dense reaction products, while in many cells the reaction products, although less dense than those in the cell nuclei, were also encountered in the cytoplasm of the same cells (Fig.  2) . The signals in the cytoplasm were very clear and spread wide from the perikarya to the axons and dendrites. There were no morphological differences in the characteristics of ERα cells among the three cattle.
The number of ERα containing cells in the three cattle is shown in Table 1 . The density of ERα containing cells in the postpartum cow (#2) was much lower than that in the other cow (#1) and the male calf (#3). In the adult cow without lactation (#1), the number of ERα containing cells in the POA was approximately two times higher than that in the MBH. On the other hand, the number of ERα containing cells in the POA was approximately two t i m e s l o w e r t h a n t h a t i n t h e M B H i n t h e postpartum cow (#2). In the male calf, there was little difference in the numbers of ERα between the POA and the MBH. NPY immunoreactive cells were found in the ARC of the MBH in all the cattle examined; there was no obvious difference in the intensity of NPY immunoreactive cells among the three cattle.
Discussion
In the present study, it was demonstrated that ERα immnoreactive cells were found in the medial POA and the MBH of the bovine hypothalamus, and that the densest accumulations of ERα cells were clearly seen at the level of the OVLT to the anterior commissure and its continuation to the BNST and the ARC. The pattern of the distribution of ERα in the bovine hypothalam us clos ely parallels that of estrogen sensitive neurons in other mammals, such as rats [10] , guinea pigs [11] and sh eep [12] , as rev ealed by eit her im m unohistochemistry, steroid hormone autoradiography [13] , or in situ hybridization for ERα mRNA messages [14] . Although the immunohistochemical identification of the distribution of ERα in the bovine brain has not been clarified, the present results are consistent with previous observations that ERα was detected in the POA, the MBH and the stalk-median eminence with high levels by the one-point saturation assay in prepubertal cows [15] . The immuno-staining procedure in the present study is suitable for immunohistochemical analysis of ERα expression in cattle.
Since ERα molecules are predominantly known as a nuclear protein that is involved in gene transcription, the presence of ERα in the cell nuclei but not in the cytoplasm has been accepted. In fact, a great body of immunohistochemical analysis supports this concept, because dense reaction products detected in the estrogen-target cells are localized in the cell nuclei but not in the cytoplasm [16] . The present immunohistochemical study showed, however, that many cells also clearly contained ERα signals in the cytoplasm and even in the axonal and dendritic processes. Similar findings have been demonstrated in the ewe [17] , the guinea pig [18] and the rat [19] . Blaustein [20] demonstrated that cytoplasmic ER expression was identified immunohistochemically with three different antibodies that recognize different epitopes in the ERα molecule, suggesting that ERα immunoreactive expression in the cytoplasm is not a non-specific immunoreaction. In the present study, no obvious difference in the expression of cytoplasmic ERα was found between male and female cattle. Therefore, it is possible that there is a neuroendocrine system regulating estrogen action through cytoplasmic ERα in both sexes. In rat studies, the presence of ERs in axon terminals suggested the possibility that ERs mediated estrogen action on the release of neurotransmitters [ 2 1, 2 2 ] a n d o n sy n a p se f or m a ti o n i n th e hypothalamus [23] and hippocampus [22] at extranuclear sites through the nongenomic system. However, the physiological role of cytoplasmic ER has not been fully clarified yet [17, 20, 22] . In this regard, more detailed neurophysiological as well as neuroanatomical studies are required. Interestingly, the number of ERα expressing cells was different among the three cattle of the present study. We consider that this finding likely reflects some physiological and/or endocrinological variability among them but is not due to differences in handling of each subject, e.g. processes in fi xat io n, t hi n s ec ti o nin g a nd t he im m unohistochemical procedure, since in the case of NPY immunohistochemistry any obvious difference in the intensity of the immuno-positive reaction was not detected among the subjects. Moreover, comparison of the number of ERα containing cells between the POA and the MBH showed different tendencies among the three cattle. These results lead us to speculate that ERα expression in the hypothalamus is probably influenced by the reproductive status of each animal. Day et al. [15] reported that the concentration of ER in the anterior and medial basal hypothalamus declined as puberty approached in heifers. In other species, it was demonstrated that ER expression changed with reproductive status, i.e. the number of ER in the hypothalamus increased from birth to 28 days of age and then decreased until puberty at 35 days of age in the rat [24] . The reason for the difference in the number and density of ERα cells among the three cattle of the present study is unclear.
Blache et al. [17] reported that the apparent surface area of the nucleus in ERα immunoreactive cells in the hypothalamus varied with hormonal tr eat ment in t he o variect om ized ew e. The difference in the hormonal environment among the three cattle of the present study might influence the pattern of ERα cells expression. For example, #2 cow with a smaller ERα expression was sacrificed one week after parturition. It is known that the plasma concentration of estradiol increases to a high level before parturition in the cow. Injection of a high dose of estradiol caused a reduction in the number of ERα cells in the hypothalamus of the rat brain, which is likely to be involved in the down regulation of the receptor expression [25, 26] . The number of ERα cells might therefore be suppressed by the influence of parturient high levels of estrogen during the postpartum period in the cow. The involvement of ER expression in the regulation of reproductive activity is poorly understood in cattle, although it is widely accepted that estrogen is an important factor in the modulation of reproductive function. The investigation of h y p o t h a l a m i c E R e x p r e ss i o n i n v a r i o u s reproductive stages would be a useful approach for clarifying the mechanism(s) regulating normal and abnormal reproductive function in cattle.
